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Edited by Stuart FergusonAbstract The cytochrome c maturation system of Escherichia
coli contains two monotopic membrane proteins with periplas-
mic, functional domains, the heme chaperone CcmE and the thi-
oredoxin CcmG. We show in a domain swap experiment that the
membrane anchors of these proteins can be exchanged without
drastic loss of function in cytochrome c maturation. By contrast,
the soluble periplasmic forms produced with a cleavable OmpA
signal sequence have low biological activity. Both the chimerical
CcmE (CcmG 0– 0E) and the soluble periplasmic CcmE produce
low levels of holo-CcmE and thus are impaired in their heme
receiving capacity. Also, both forms of CcmE can be co-precip-
itated with CcmC, thus restricting the site of interaction of
CcmE with CcmC to the C-terminal periplasmic domain. How-
ever, the low level of holo-CcmE formed in the chimera is trans-
ferred eﬃciently to cytochrome c, indicating that heme delivery
from CcmE does not involve the membrane anchor.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Thioredoxin1. Introduction
Cytochromes of the c-type are an ubiquitous class of elec-
tron transfer proteins with a covalently bound heme as a cofac-
tor. Heme is redox active and thus these proteins are typically
found in respiratory or photosynthetic electron transport
chains. The posttranslational process involving covalent
attachment of heme, via thioether bonds to the cysteinyl resi-
dues of the conserved CXXCH signature motif of apo-
cytochrome, is deﬁned as cytochrome c biogenesis. Three
distinct systems for the biogenesis of c-type cytochromes have
evolved in nature, which are annotated as system I, II and III
(reviewed in [1–6]). The c-proteobacterium Escherichia coli
uses system I which contains eight membrane proteins encoded
by the ccmABCDEFGH operon [7,8]. A key intermediary step
during this maturation pathway is the transfer and covalent
attachment of heme to the cytochrome c maturation-speciﬁc
heme chaperone CcmE [9]; subsequently, heme is transferred
from the holo-CcmE intermediate to apo-cytochrome c. It
has been shown previously that the covalent binding of heme
to an essential histidine (H130) of apo-CcmE requires the*Corresponding author. Fax: +41 1 632 1148.
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of heme delivery from the CcmC to apo-CcmE and the catal-
ysis of the covalent attachment of heme to apo-CcmE are not
known. Several CcmC point mutants obtained from an anaer-
obic genetic screen [11], as well as site directed mutagenesis of
the best conserved residues within CcmE [12], failed to deliver
any clue about the mechanism of heme delivery and covalent
attachment. Recently, the structure of the soluble apo-CcmE
from E. coli [13] and Shewanella putrefaciens [14] without its
natural N-terminal membrane anchor was solved by NMR.
Soluble CcmE poorly complemented a DccmE mutant for
holo-cytochrome c maturation [15], suggesting that the N-ter-
minal transmembrane domain is important for function. In
this work, we addressed the question of whether the N-termi-
nal transmembrane domain serves to simply attach CcmE to
the membrane, or whether it provides speciﬁcity related to
the function of the heme chaperone. We chose the approach
to use the membrane anchor of another monotopic membrane
protein with periplasmic orientation of its functional domain,
namely that of CcmG, to replace the CcmE membrane anchor.
CcmG is also required for cytochrome c biogenesis in a redox
pathway to ensure that the cysteines of the CXXCH motif in
the apo-cytochrome remain reduced prior to heme attachment.
Conversely, we also tested replacement of the CcmG mem-
brane anchor with that of CcmE. In addition, we investigated
heme transfer and protein–protein interactions between the
CcmC with various CcmE derivatives.2. Materials and methods
2.1. Bacterial strains and growth conditions
Bacterial strains and plasmids used in this study are listed in Table 1.
Bacteria were grown aerobically in LB medium or anaerobically in
minimal salts medium [16] supplemented with 0.4% glycerol, 40 mM
fumarate and 5 mM sodium nitrate as the terminal electron acceptor.
Antibiotics were added at the following ﬁnal concentrations: ampicil-
lin, 200 lg/ml; chloramphenicol, 25 lg/ml. If necessary, cells were in-
duced with 0.5% arabinose at mid-exponential growth phase.2.2. Construction of plasmids and site-directed mutagenesis
E. coli strain DH5a [17] was used as the host for cloning. The plas-
mids pEC865 and pEC866, which code for CcmGDW22 and
CcmEV26Q, respectively, were constructed by QuikChangee (Strata-
gene) site-directed mutagenesis using pEC210 (ccmG) and pEC410
(ccmE), respectively, as a template and the primers listed in Table 2.
The QuikChangee site-directed mutagenesis introduced a PstI site at
the required position in the ccmG and ccmE genes. To construct a plas-
mid expressing chimerical CcmE 0– 0G (pEC867), the PstI- and SalI-di-
gested 1157-bp fragment from pEC866 was ligated into the 5.2-kb
PstI- and SalI-digested fragment from pEC865. To construct a plasmidblished by Elsevier B.V. All rights reserved.
Table 1
Bacterial strains and plasmids used in this study
Bacterial strains
or plasmids
Relevant genotype/phenotype Reference
Escherichia coli strains
DH5a supE44 DlacU169 (U80lacZDM15)
hsdR17 recA1 endA1 gyrA96 thi-1
relA1
[17]
EC06 MC1061 DccmA-H:: kan [7]
EC29 MC1061 DccmG [10]
EC65 MC1061 DccmE [9]
Plasmids
pRJ3290 B. japonicum cycA-H6 cloned in
pISC2, ApR
[11]
pEC210 ccmG cloned into pACYC184, CmR [21]
pEC410 ccmE cloned in pACYC184, CmR [10]
pEC412 ccmE cloned into pISC-2, ApR [9]
pEC422 H6-ccmC cloned in pISC-2, Ap
R [10]
pEC486 ccmC-H6 cloned in pACYC184,
CmR
[19]
pEC701 B. japonicum cycA-H6 cloned in
pACYC184, CmR
[25]
pEC865 ccmGDW22 cloned into
pACYC184, CmR
This study
pEC866 ccmEV26Q cloned into pACYC184,
CmR
This study
pEC867 ccmE 0– 0ccmG cloned into
pACYC184, CmR
This study
pEC868 ccmG0– 0ccmE cloned into
pACYC184, CmR
This study
pEC882 ccmG cloned into pISC2, ApR This study
pEC884 ompA 0–0ccmG cloned into pISC2,
ApR
This study
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550-bp fragment from pEC865 was ligated into the 3.77-kb PstI- and
SalI-digested fragment from pEC866. Plasmid pEC882 expressing
CcmG was constructed by amplifying a 560-bp fragment by PCR with
the primers ccmGnNdeI and ccmGcEcoRI, using pEC210 as a tem-
plate. The PCR product was digested with NdeI and EcoRI and ligated
into the 5.4-kb NdeI- and EcoRI-digested pISC-2. Plasmid pEC884
that codes for the soluble periplasmic domain of CcmG was con-
structed by amplifying a 489-bp fragment by PCR with the primers
ccmGR26StuI and ccmGcEcoRI, using pEC210 as a template. The
PCR product was digested with StuI and EcoRI and ligated into the
5.4-kb StuI- and EcoRI-digested pEC415. In this plasmid, an ompA
segment encoding the cleavable OmpA signal sequence is fused in-
frame to the truncated ccmG gene. All plasmid constructs and mutants
derived from PCR products were conﬁrmed by DNA sequence analysis
(Microsynth, Balgach, Switzerland).
2.3. Cell fractionation
For the preparation of subcellular fractions bacterial cultures were
grown anaerobically in the presence of nitrate. Preparation of whole
cell lysates, periplasmic extracts and membranes were done as de-
scribed previously [18].Table 2
Oligonucleotide primers used for plasmid construction and sequencing
Primer Bases Nucleotide sequence (5 0–3 0)
ccmGDW22-f 36 gcgattgcggcggcgctgcagctggc
ccmGDW22-r 36 ggcattacgcgccagctgcagcgccg
ccmEV26Q-f 33 ctgactatcggtctgcagctatatgc
ccmEV26Q-r 33 gcgcagcgcatatagctgcagaccga
ccmGnNdeI 37 cgggatccatatgaagcgcaaagtat
ccmGcEcoRI 31 cgggaattctcattgtgcggcctcct
ccmGR26StuI 24 aaggccttgcgtaatgccgaaggg
His 0EcoRI 27 cgggaattctcagtggtggtggtggt
pING1araB 18 ggccgacgaaatcactcg2.4. Biochemical methods
Protein concentrations were determined using the Bradford assay
(Bio-Rad) and BSA as a standard. Holo-CcmE and holo-cytochrome
c550 formation were analyzed qualitatively by heme staining and immu-
noblot [19]. Soluble cytochrome c in the periplasmic fractions was
quantiﬁed by absorption diﬀerence spectroscopy using an e550–536nm
of 23.2 mM1 cm1 [20]. Immunoblot analysis of the N- or C-terminal
hexa-histidine (H6)-tagged CcmC (H6-CcmC or CcmC-H6, respec-
tively) was performed using monoclonal tetra-His antibodies (Qiagen)
at a dilution of 1:2000. Immunoblot analysis of the CcmE and CcmG
polypeptide were performed using antibodies directed against speciﬁc
peptides derived from them [9,21] at a dilution of 1:5000 and 1:1000,
respectively. Signals were detected using goat anti-mouse IgG (for
H6-tag detection) or goat anti-rabbit IgG (for detection of other anti-
gens) conjugated to alkaline phosphatase (Bio-Rad) as secondary anti-
body and CSPD (Roche Diagnostics) reagent as substrate.
2.5. Co-immunoprecipitation
One milligram membrane proteins or whole cell lysates were solubi-
lized and immunoprecipitated with 10 ll of anti-H6-tag antibodies
according to the method described previously [18]. The proteins were
subjected to 15% SDS–PAGE, transferred to a PVDF membrane
and probed with the antibodies against the CcmE peptide as described
above.3. Results
3.1. Functional analysis of chimerical CcmE
CcmE is a monotopic membrane protein with an N-terminal
membrane anchor (residues 1–29) and a soluble C-terminal do-
main (residues 30–159) that protrudes into the periplasmic
space [9]. The periplasmic domain of CcmE was shown to
complement cytochrome c maturation at an extremely low le-
vel [15] and thus indicated the importance of the membrane
anchor. CcmG is similar to CcmE in terms of topology, i.e.,
a monotopic membrane protein with an N-terminal membrane
anchor (residues 1–22) and a periplasmic domain (residues 23–
185; Fig. 1) [21]. Note that in both cases the precise extension
of the transmembrane segment is not known and was pre-
dicted based only on hydrophobic and uncharged amino acid
residues.
We ﬁrst replaced the membrane spanning domain of CcmE
with that of CcmG and named the product chimerical CcmE
(CcmG 0– 0E). A plasmid encoding this chimera was used for
complementation of the ccmE in frame deletion mutant EC65
(DI3–S94), wherein the 92 N terminal codons are deleted from
the chromosome [9]. In our complementation experiments we
overexpressed at the same time the soluble exogenous Brady-
rhizobium japonicum cytochrome c550 to monitor cytochrome
c maturation. The DccmE mutant strain was co-transformed
with a plasmid expressing a H6-tagged B. japonicum cyto-
chrome c550 plus a plasmid encoding wild-type or chimericalUsage Plasmid
gcgtaatgcc QuikChangee primer pEC865
cggcaatcgc QuikChangee primer pEC865
gctgcgc QuikChangee primer pEC866
tagtcag QuikChangee primer pEC866
tgttaattccg Forward primer pEC882
tactg Reverse primer pEC882
Forward primer pEC884
g Reverse primer pEC884
Sequencing
Fig. 1. Functional analysis of the CcmG 0– 0E chimera. (A) The DccmE
strain EC65 was co-transformed with the plasmid pRJ3290 (expressing
C-terminal H6-tagged B. japonicum cytochrome c550) and pEC410
(wild-type CcmE; lane 1), pEC868 (CcmG 0– 0E; lane 2) or pACYC184
(empty vector; lane 3). Cells were grown anaerobically in the presence
of 5 mM sodium nitrate. Upper panel: immunoblot of the total cell
protein (after equalizing the cell density) probed with an antiserum
against CcmE. Middle panel: trichloroacetate precipitates of the total
cell protein (after equalizing samples to uniform cell density) separated
by 15% SDS–PAGE and stained for covalently bound heme. Lower
panel: periplasmic proteins (20 lg per lane) were separated by 15%
SDS–PAGE and stained for covalently bound heme. The position of
CcmE, endogenously expressed NapB and cytochrome c550 is indicated
on the right. (B) Diﬀerence spectra of the periplasmic extracts as
described in A. The percentage of the holo-cytochrome c formed
relative to the wild-type is indicated on the right.
Fig. 2. Physical interaction of the CcmG 0– 0E chimera with CcmC for
heme transfer. The DccmA-H mutant strain EC06 was co-transformed
with plasmid pEC422 expressing N-terminally H6-tagged CcmC and
either pEC410 (CcmE; lane 1) or pEC868 (CcmG 0– 0E; lane 2). Cells
were grown anaerobically in the presence of 5 mM sodium nitrate.
Upper panel: membrane proteins (50 lg per lane) were separated by
15% SDS–PAGE and stained for covalently bound heme. Second
panel: immunoblot of membrane proteins (100 lg per lane) probed
with antiserum against the CcmE polypeptide. Third panel: immuno-
blot of membrane proteins (100 lg per lane) probed with antiserum
against the H6 tag. Fourth panel: membrane proteins were immuno-
precipitated with anti-H6 tag antibodies and detected for CcmE by
immunoblot. The positions of holo-CcmE, CcmE, and H6-CcmC are
indicated on the right.
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the chimerical CcmE with the CcmG membrane anchor by
immunodetection (Fig. 1A, upper panel). The replacement of
the membrane anchor (lane 2) clearly aﬀected protein expres-
sion when compared to the wild-type (lane 1). Heme binding
of CcmE was strongly aﬀected in the chimerical variant, as
judged by heme staining of whole cells after SDS–PAGE
(Fig. 1A, middle panel). Cytochrome c formation was assayed
by heme staining of periplasmic fractions (Fig. 1A, lower
panel). Quantiﬁcation of c-type cytochromes was done by
absorption diﬀerence spectroscopy (Fig. 1B). The level of
holo-cytochromes c produced by the ccmE mutant comple-
mented with a plasmid encoding wild-type CcmE was takenas 100%. The CcmE chimera produced lower levels of holo-
cytochrome c (>50%).
Next we tested whether the reduction of heme attachment to
apo-CcmE was due to loss of speciﬁc physical interactions be-
tween the membrane anchor and CcmC. The deﬁciency in
heme transfer was investigated in a Dccm mutant strain back-
ground lacking all ccm genes, i.e., in a minimal system contain-
ing only CcmC and either wild-type or chimerical CcmE. In
this system heme bound CcmE can accumulate as there is no
further delivery of heme to c-type cytochromes. A heme stain
of the membrane protein extracts obtained from cells express-
ing wild-type or chimerical CcmE conﬁrmed our observation
(Fig. 1 middle panel) of an extremely ineﬃcient heme transfer
to chimerical CcmE (Fig. 2 top panel). This phenomenon
might in part be attributed to the lower levels of the CcmE
polypeptide in the membranes (Fig. 2 second panel). The phys-
ical interaction of CcmC and CcmE was tested by co-immuno-
precipitaion, and no signiﬁcant diﬀerence was found for the
chimerical CcmE when compared to wild-type CcmE (Fig. 2
lowest panel).
3.2. Functional analysis of chimerical CcmG
In a parallel approach, we performed the domain swapping
experiment in the opposite direction by replacing the CcmG
membrane anchor with that of CcmE and complementing a
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nodetection of CcmG in membranes of the DccmG mutant
complemented with wild-type or chimerical CcmG version
(CcmE 0– 0G) resulted in similar bands, indicating a stable
expression and assembly of these proteins (Fig. 3A, upper pa-
nel). Cytochrome c formation was assayed by heme staining of
the periplasmic fractions of the corresponding strains that also
overexpressed the B. japonicum cytochrome c550. Quantiﬁca-
tion of the c-type cytochromes was done by absorption diﬀer-
ence spectroscopy (Fig. 3B). The level of the holo-cytochrome
c produced by the DccmG mutant complemented with wild-
type was taken as 100%. The CcmG chimera with the CcmE
membrane anchor produced about 50% of the holo-cyto-
chrome c levels obtained with wild-type CcmG (Fig. 3A, lower
panel, lane 2).
3.3. Is the membrane anchor essential for the function of CcmE
and CcmG?
We have previously addressed the question of whether solu-
ble CcmE can complement a DccmE mutant for cytochrome c
maturation [15]. Only for the membrane-bound c-type cyto-
chrome NapC we detected a weak heme staining band,
whereas for the soluble cytochrome c NapB complementation
was not detectable. We now wanted to conﬁrm this ambiguous
result by a more sensitive approach, i.e. by overproducing theFig. 3. Functional analysis of CcmE 0– 0G chimera. (A) The DccmG
strain EC29 was co-transformed with the plasmid pRJ3290 (expressing
C-terminal H6-tagged B. japonicum cytochrome c550) and pEC210
(wild-type CcmG; lane 1), pEC867 (CcmE 0– 0G; lane 2) or pACYC184
(empty vector; lane 3). Cells were grown anaerobically in the presence
of 5 mM sodium nitrate. Upper panel: immunoblot of the total cell
protein (equalized to cell density) probed with antiserum against
CcmG. Lower panel: periplasmic proteins (20 lg per lane) were
separated by 15% SDS–PAGE and stained for covalently bound heme.
The position of CcmG, the endogenous c-type cytochrome NapB and
cytochrome c550 is indicated on the right. (B) Diﬀerence spectra of
periplasmic extracts of the samples as in A. The percentage of the holo-
cytochrome c formed relative to the wild-type is indicated on the right.soluble B. japonicum cytochrome c550 in a DccmE strain to-
gether with soluble CcmE. The problem with this experiment
is that soluble CcmE and B. japonicum cytochrome c550 have
a very similar running behaviour in SDS–polyacrylamide gels
(Fig. 4). When the membrane-bound wild-type CcmE was
used, NapB was clearly visible in the periplasmic fractions as
the upper, and holo-cytochrome c550 as the lower, much stron-
ger band (lane 1). When soluble CcmE was used for the com-
plementation in cytochrome c maturation, a single heme
staining band migrating in the range of holo-cytochrome c550
was detected in the periplasmic fractions. This protein band
according to its size and heme staining characteristic could
correspond to both soluble CcmE and cytochrome c550 or to
soluble CcmE only, depending on whether or not soluble
CcmE is functional in cytochrome c maturation. The absenceFig. 4. Functional analysis of soluble CcmE. The DccmE strain EC65
was co-transformed with the plasmid pEC701 (expressing B. japonicum
cytochrome c550; lanes 1–3) or pACYC184 (empty vector; lane 4) and
pEC412 (wild-type CcmE; lanes 1 and 2) or pEC301 (CcmEsol; lanes 3
and 4). Cells were grown anaerobically in the presence of 5 mM
sodium nitrate. (A) Trichloroacetate precipitates of the periplasmic
extracts (100 lg protein per lane except 5 lg in lane 2) separated by
15% SDS–PAGE and stained for covalently bound heme. The
positions of holo-NapB, holo-CcmEsol, and holo-cytochrome c550 are
indicated on the right. (B) Diﬀerence spectra of periplasmic extracts of
the samples as in A. The inset shows the spectrum at higher
magniﬁcation of the middle (+c550) and lower (c550) traces of the
parent ﬁgure. The lower trace (diﬀerence) in the inset represents the
arithmetic diﬀerence of the upper two traces.
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range expected for soluble CcmE and cytochrome c550 suggest
that the complementing activity may indeed be very low. In
lane 4 the control experiment is presented, where only soluble
CcmE, but no c-type cytochrome was overproduced. Here, the
visible band must correspond to soluble CcmE. Since soluble
CcmE and cytochrome c550 cannot be distinguished clearly
by SDS–PAGE analysis, absorption diﬀerence spectra of the
three periplasmic fractions were recorded (Fig. 4B). This meth-
od enables the distinction between cytochrome c550 with an a-
band at 550 nm and the soluble CcmE with an a-band at
554 nm [9,22]. The top trace in the inset of Fig. 4B shows
the spectrum of the periplasm from a strain overexpressing sol-
uble CcmE and cytochrome c550 and shows a maximum at
551 nm and a slightly asymmetric shape. The middle trace
was obtained from periplasm of the strain expressing only sol-
uble CcmE, showing a small peak at 554 nm. The arithmetic
diﬀerence of the two spectra shown at the bottom reveals a
peak at 550 nm, thus demonstrating that the two periplasmic
fractions diﬀer in their content of cytochrome c550. Therefore,
soluble CcmE indeed functions at very low levels (less than 1%
by quantiﬁcation) in cytochrome c maturation.
The question of whether or not soluble CcmG can comple-
ment cytochrome c formation in a DccmG mutant strain had
not been addressed previously. We have now tested such com-
plementation by co-transforming the ccmG mutant strain
EC29 with a plasmid expressing a B. japonicum cytochrome
c550 plus a plasmid encoding either wild-type or soluble CcmG
(OmpA 0– 0CcmG; Fig. 5A). The soluble CcmG complemented
poorly for cytochrome c maturation (Fig. 5 top panel, lane 2).
This was not due to the lack of stability of soluble CcmG, be-
cause the protein was readily detectable by immunoblot of
whole cells (middle panel) and of the periplasmic fractions
(bottom panel). The results from the heme stain were con-
ﬁrmed and quantiﬁed by comparing the absorption diﬀerence
spectra of the holo-cytochrome c formed in the presence of
either wild-type or soluble CcmG (Fig. 5B inset).Fig. 5. Functional analysis of soluble CcmG. The DccmG strain EC29
was co-transformed with the plasmids pEC701 (expressing B. japon-
icum cytochrome c550) and pEC882 (wild-type CcmG; lane 1) or
pEC884 (CcmGsol-H6; lane2). Cells were grown anaerobically in the
presence of 5 mM sodium nitrate. (A) Upper panel: trichloroacetate
precipitates of the periplasmic extracts (100 lg per lane) separated by
15% SDS–PAGE and stained for covalently bound heme. Middle
panel: immunoblot of total cell protein (after equalizing to uniform cell
density) probed with antiserum against CcmG. Lower panel: immu-
noblot of trichloroacetate-precipitated periplasmic fractions. Holo-
NapB, holo-cytochrome c550, CcmG and CcmG
sol are indicated on the
right. (B) Diﬀerence spectra of periplasmic extracts of the samples as in
A. The inset shows the lower trace of the parent ﬁgure at a higher
magniﬁcation. The percentage of holo-cytochrome c formed relative to
the wild-type is indicated on the right.3.4. Heme transfer and co-immunoprecipitation of soluble CcmE
with CcmC
In the absence of the membrane anchor of CcmE less than
1% of holo-cytochrome c was formed. It was important to ﬁnd
out whether this deﬁciency was due to: (i) loss of membrane
attachment; (ii) lack of speciﬁc protein–protein interactions
with CcmC; or (iii) impairment in heme delivery to CcmE.
These possibilities were examined by co-expressing CcmC-H6
and either wild-type or soluble CcmE in a Dccm background
strain lacking all ccm genes followed by co-immunoprecipita-
tion (Fig. 6). It is known that the CcmC–CcmE pair is suﬃ-
cient for heme transfer to CcmE [9], which was tested ﬁrst
(Fig. 6 upper panel). To our surprise, heme delivery to soluble
CcmE was severely aﬀected (lane 2) when compared to the
wild-type CcmE (lane 1), which is in contrast to the result
shown in Fig. 4 and earlier experiments [15]. However, in those
experiments the CcmAB and CcmD had been co-expressed, in
addition to CcmC and CcmE. We already know that CcmD in-
creases the stable assembly of CcmE in the membrane [19,23].
The presence of CcmC-H6, CcmE and soluble CcmE was con-
ﬁrmed by immunoblot (second and third panel). A normal
interaction of soluble CcmE with CcmC-H6 was found in the
co-immunoprecipitation experiment (lower panel).4. Discussion
Many bacterial periplasmic proteins are not soluble, but
rather attached to the cytoplasmic membrane, either by a lipid
anchor or by an N- or C-terminal transmembrane domain.
Not much is known about these membrane anchors, and in
particular about their function. Are they necessary or dispens-
Fig. 6. Physical interactions of soluble CcmE with CcmC for heme
transfer. The DccmA-H mutant strain EC06 was co-transformed with
the plasmid pEC486 expressing C-terminally H6-tagged CcmC and
pEC412 (CcmE; lane 1), pEC301 (CcmEsol; lane 2) or pISC2 (empty
vector; lane 3). Cells were grown anaerobically in the presence of 5 mM
sodium nitrate. Upper panel: whole cell lysates (300 lg per lane) were
separated by 15% SDS–PAGE and stained for covalently bound heme.
Second panel: immunoblot of the whole cell lysate (100 lg per lane)
probed with antiserum against CcmE. Third panel: immunoblot of the
whole cell lysates (100 lg per lane) probed with antiserum against the
H6 tag. Fourth panel: immunoprecipitation of whole cell lysates with
anti-H6 tag antibodies and detection of CcmE by immunoblot. The
positions of holo-CcmE, CcmE, CcmEsol and CcmC-H6 are indicated
on the right.
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brane? Do they have functions other than the simple mem-
brane attachment? In this work we have used the example of
the E. coli cytochrome cmaturation proteins CcmE, a periplas-
mic heme chaperone, and CcmG (also known as DsbE), a peri-
plasmic thioredoxin, to address these questions in more detail.
If the N-terminal 35 amino acids of these two proteins and
their homologues from various bacteria are aligned to each
other, two distinct clusters are found: one corresponding to
the CcmE and the other to the CcmG membrane anchor.
The CcmE membrane anchors have a predicted transmem-
brane segment of exactly 22 hydrophobic amino acid residues,
which is preceded by a 7–13 amino acid, positively charged N-
terminal stretch with 3–5 positively charged residues. By con-
trast, the CcmG membrane anchors vary in length with a range
of 18–24 predominantly hydrophobic residues with one
strongly conserved proline, and are preceded by fewer [1–3]
positively charged residues close to the N-terminus (supple-
mentary Figure 1). Hence, the membrane anchors of these
two protein families seem to constitute diﬀerent types and it
is possible that their function extends beyond that of simple
anchoring devices. For example, the conserved proline might
cause a kink in the transmembrane helix, thereby positioning
the attached periplasmic protein domain in a certain angle rel-
ative to the membrane.
In this work, we have constructed chimerical proteins of: (i)
CcmE with a CcmG membrane anchor; and (ii) CcmG with aCcmE membrane anchor and tested their functions in cyto-
chrome c maturation.
The heme chaperone CcmE serves as a periplasmic sink for
heme during cytochrome c maturation by binding heme tran-
siently on the periplasmic side of the membrane. This binding
is covalent and can be measured experimentally. Heme is deliv-
ered subsequently to cytochrome c. We can therefore look at
the function of CcmE in two steps: ﬁrst, the formation of
holo-CcmE and second, the formation of holo-cytochrome c.
Except for its length and hydrophobicity, the CcmE membrane
anchor is the least conserved domain within CcmE homo-
logues. A periplasmic, soluble form of CcmE has been shown
previously to be extremely ineﬃcient as a heme chaperone for
cytochrome c formation [15], suggesting an important role of
the transmembrane domain. Even though soluble CcmE can
be produced as a heme binding protein, which has been used
to produce large amounts of the protein for biochemical and
biophysical characterization [9,15,22,24], we have noticed that
soluble holo-CcmE is formed at reasonable levels only when
the genes ccmABCD, and most eﬃciently when the entire
ccm gene cluster was co-expressed (M. Braun, unpublished
observations; [22]). The minimal requirement for heme transfer
to CcmE is the presence of CcmC [10]. Our ﬁnding that
co-immunoprecipitation of CcmC with either soluble or
chimerical CcmE was not substantially aﬀected suggests that
a physical interaction between the two molecules occurs eﬃ-
ciently in the absence of the authentic membrane anchor,
and thus most likely involves the periplasmic domain of CcmE.
Nevertheless, the heme transfer step for the formation of holo-
CcmE was aﬀected for both soluble CcmE and the CcmG 0– 0E
chimera. The membrane anchor thus seemed to be important
for this reaction. However, once holo-CcmE was formed, the
delivery of heme to c-type cytochromes did not seem to depend
on the authentic membrane anchor, because the CcmG 0– 0E
chimera was rather active in cytochrome c formation, even
at low cellular levels of chimera protein. Our results are com-
patible with the idea of a stimulatory rather than an essential
role of the authentic CcmE membrane anchor, which might
be to signal the correct conformation and assembly of the
protein for heme uptake and release. We have previously
postulated a model wherein CcmE dynamically interacts with
either CcmC or CcmF, the putative heme lyase [25]. The
control of this process may lie in speciﬁc intermolecular
recognition of transmembrane helices, including the CcmE
membrane anchor.
In addition to the heme chaperone CcmE, the cytochrome c
maturation system contains a second monotopic membrane
protein with an N-terminal membrane anchor and a C-termi-
nal periplasmic domain of a similar size: the thioredoxin-like
protein CcmG. CcmG is known to receive electrons from
DsbD and provide them to the cytochrome c maturation
machinery to keep the cysteines in apo-cytochrome c reduced
[21,26]. Previously, it had been shown that mutants with alter-
ations in the active site cysteines of CcmG were deﬁcient in
cytochrome c maturation, and this lack of function could be
restored by the addition of a reducing agent such as cysteine.
By contrast, a DccmG in frame deletion strain could not be
functionally restored by adding reducing agents [21], suggest-
ing that CcmG has yet a diﬀerent function, perhaps associated
with another protein domain. One candidate domain for such
an additional function was the transmembrane segment that
attaches CcmG to the membrane. The results of the present
222 U. Ahuja, L. Tho¨ny-Meyer / FEBS Letters 580 (2006) 216–222study conﬁrm that the membrane anchor of this protein has an
important function: while the soluble CcmG version, despite
massive overproduction compared to the other Ccm proteins
in the system, was unable to eﬃciently support cytochrome c
maturation; the chimera with the CcmE membrane anchor
was partially active. We conclude that the attachment of the
protein to the membrane, even if provided by the ‘‘wrong’’
transmembrane helix, is an essential prerequisite for CcmG
function. This suggests that these domains must have evolved
in a functional context. Thus far, structural data are available
only for the periplasmic domains of CcmE [13,14] and CcmG
[27,28] produced in a soluble form. Our ﬁndings indicate that
the membrane anchors might also have a structural role, per-
haps by positioning the periplasmic domain precisely and in
a certain orientation relative to the membrane surface and to
other interacting partner molecules. It would be interesting
to obtain structures of the entire membrane proteins including
their membrane anchors to get better insight into this question.
Acknowledgements:We thank E. Enggist, Q. Ren and H. Schulz for the
construction of some plasmids and strains used in this work. We also
thank M. Braun and J. Stevens for helpful comments on the manu-
script. This work was supported by the Swiss National Foundation
for Scientiﬁc Research.Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febs-
let.2005.12.006.References
[1] Tho¨ny-Meyer, L. (1997) Biogenesis of respiratory cytochromes in
bacteria. Microbiol. Mol. Biol. Rev. 61, 337–376.
[2] Xie, Z. and Merchant, S. (1998) A novel pathway for cytochromes
c biogenesis in chloroplasts. Biochim. Biophys. Acta. 1365, 309–
318.
[3] Kranz, R., Lill, R., Goldman, B., Bonnard, G. and Merchant, S.
(1998) Molecular mechanisms of cytochrome c biogenesis: three
distinct systems. Mol. Microbiol. 29, 383–396.
[4] Page, M.D., Sambongi, Y. and Ferguson, S.J. (1998) Contrasting
routes of c-type cytochrome assembly in mitochondria, chloro-
plasts and bacteria. Trends Biochem. Sci. 23, 103–108.
[5] Tho¨ny-Meyer, L. (2002) Cytochrome c maturation: a complex
pathway for a simple task?. Biochem. Soc. Trans. 30, 633–638.
[6] Allen, J.W., Daltrop, O., Stevens, J.M. and Ferguson, S.J. (2003)
C-type cytochromes: diverse structures and biogenesis systems
pose evolutionary problems. Philos. Trans. R. Soc. Lond. B. Biol.
Sci. 358, 255–266.
[7] Tho¨ny-Meyer, L., Fischer, F., Ku¨nzler, P., Ritz, D. and
Hennecke, H. (1995) Escherichia coli genes required for cyto-
chrome c maturation. J. Bacteriol. 177, 4321–4326.
[8] Grove, J., Tanapongpipat, S., Thomas, G., Griﬃths, L., Crooke,
H. and Cole, J. (1996) Escherichia coli K-12 genes essential for the
synthesis of c-type cytochromes and a third nitrate reductase
located in the periplasm. Mol. Microbiol. 19, 467–481.
[9] Schulz, H., Hennecke, H. and Tho¨ny-Meyer, L. (1998) Prototype
of a heme chaperone essential for cytochrome c maturation.
Science 281, 1197–1200.
[10] Schulz, H., Fabianek, R.A., Pellicioli, E.C., Hennecke, H. and
Tho¨ny-Meyer, L. (1999) Heme transfer to the heme chaperoneCcmE during cytochrome c maturation requires the CcmC
protein, which may function independently of the ABC-trans-
porter CcmAB. Proc. Natl. Acad. Sci. USA 96, 6462–6467.
[11] Ahuja, U. and Tho¨ny-Meyer, L. (2003) Dynamic features of a
heme delivery system for cytochrome cmaturation. J. Biol. Chem.
278, 52061–52070.
[12] Enggist, E., Schneider, M.J., Schulz, H. and Tho¨ny-Meyer, L.
(2003) Biochemical and mutational characterization of the heme
chaperone CcmE reveals a heme binding site. J. Bacteriol. 185,
175–183.
[13] Enggist, E., Tho¨ny-Meyer, L., Guntert, P. and Pervushin, K.
(2002) NMR structure of the heme chaperone CcmE reveals a
novel functional motif. Structure (Camb) 10, 1551–1557.
[14] Arnesano, F., Banci, L., Barker, P.D., Bertini, I., Rosato, A., Su,
X.C. and Viezzoli, M.S. (2002) Solution structure and character-
ization of the heme chaperone CcmE. Biochemistry 41, 13587–
13594.
[15] Enggist, E. and Tho¨ny-Meyer, L. (2003) The C-terminal ﬂexible
domain of the heme chaperone CcmE is important but not
essential for its function. J. Bacteriol. 185, 3821–3827.
[16] Iobbi-Nivol, C., Crooke, H., Griﬃths, L., Grove, J., Hussain, H.,
Pommier, J., Mejean, V. and Cole, J.A. (1994) A reassessment of
the range of c-type cytochromes synthesized by Escherichia coliK-
12. FEMS Microbiol. Lett. 119, 89–94.
[17] Hanahan, D. (1983) Studies on transformation of Escherichia coli
with plasmids. J. Mol. Biol. 166, 557–580.
[18] Ren, Q. and Tho¨ny-Meyer, L. (2001) Physical interaction of
CcmC with heme and the heme chaperone CcmE during
cytochrome c maturation. J. Biol. Chem. 276, 32591–32596.
[19] Schulz, H., Pellicioli, E.C. and Tho¨ny-Meyer, L. (2000) New
insights into the role of CcmC, CcmD and CcmE in the haem
delivery pathway during cytochrome c maturation by a complete
mutational analysis of the conserved tryptophan-rich motif of
CcmC. Mol. Microbiol. 37, 1379–1388.
[20] Tho¨ny-Meyer, L., Ku¨nzler, P. and Hennecke, H. (1996) Require-
ments for maturation of Bradyrhizobium japonicum cytochrome
c550 in Escherichia coli. Eur. J. Biochem. 235, 754–761.
[21] Fabianek, R.A., Hennecke, H. and Tho¨ny-Meyer, L. (1998) The
active-site cysteines of the periplasmic thioredoxin-like protein
CcmG of Escherichia coli are important but not essential for
cytochrome c maturation in vivo. J. Bacteriol. 180, 1947–1950.
[22] Daltrop, O., Stevens, J.M., Higham, C.W. and Ferguson, S.J.
(2002) The CcmE protein of the c-type cytochrome biogenesis
system: unusual in vitro heme incorporation into apo-CcmE and
transfer from holo-CcmE to apocytochrome. Proc. Natl. Acad.
Sci. USA 99, 9703–9708.
[23] Ahuja, U. and Tho¨ny-Meyer, L. (2005) CcmD is involved in
complex formation between CcmC and the heme chaperone
CcmE during cytochrome c maturation. J. Biol. Chem. 280, 236–
243.
[24] Uchida, T., Stevens, J.M., Daltrop, O., Harvat, E.M., Hong, L.,
Ferguson, S.J. and Kitagawa, T. (2004) The interaction of
covalently bound heme with the cytochrome c maturation protein
CcmE. J. Biol. Chem. 279, 51981–51988.
[25] Ren, Q., Ahuja, U. and Tho¨ny-Meyer, L. (2002) A bacterial
cytochrome c heme lyase: CcmF forms a complex with the heme
chaperone CcmE and CcmH but not with apocytochrome c. J.
Biol. Chem. 277, 7657–7663.
[26] Rietsch, A., Belin, D., Martin, N. and Beckwith, J. (1996) An
in vivo pathway for disulﬁde bond isomerization in Escherichia
coli. Proc. Natl. Acad. Sci. USA 93, 13048–13053.
[27] Edeling, M.A., Guddat, L.W., Fabianek, R.A., Tho¨ny-Meyer, L.
and Martin, J.L. (2002) Structure of CcmG/DsbE at 1.14 A
resolution. High-ﬁdelity reducing activity in an indiscriminately
oxidizing environment. Structure (Camb) 10, 973–979.
[28] Li, Q., Hu, H.Y., Wang, W.Q. and Xu, G.J. (2001) Structural and
redox properties of the leaderless DsbE (CcmG) protein: both
active-site cysteines of the reduced form are involved in its
function in the Escherichia coli periplasm. Biol. Chem. 382, 1679–
1686.
